Infectious diseases, in particular tuberculosis, represent perhaps more than ever a global threat for human health. Mycobacterium tuberculosis causes annually about 10 million new cases of active tuberculosis and 3 million deaths. Moreover, it is estimated that over one-third of the world population have latent tuberculosis infection, which represents a huge reservoir for the disease. Exponential development of travel extends this threat worldwide (8, 10) . Because of these factors, efficient disease control can be achieved only by international epidemiological surveillance systems able to accurately monitor epidemic trends at a global level.
For this purpose, large-scale genotyping of M. tuberculosis is a highly appropriate tool. Genotyping allows one to identify outbreaks that remained undetected by traditional epidemiological surveillance alone and may thus be used as a basis, and not only as a help, for conventional epidemiological surveillance (1) . Moreover, it can give unique insights into the international dissemination dynamics of M. tuberculosis by the comparison of isolates from widespread geographic areas and allows one to analyze evolutionary changes of pathogen populations. Several molecular-typing studies recently demonstrated the existence of clonally related M. tuberculosis families, which disseminated locally or globally (e.g., references 1, 2, 12, and 22 to 24). However, in many of these studies relatively limited numbers of strains were analyzed and they provided data that cannot be cross-compared due to the inherent drawbacks of the current "gold standard" typing method, IS6110 restriction fragment length polymorphism (RFLP). This method is labor-intensive; other drawbacks include the difficulty of reproducing results and comparing them among different laboratories. This renders the comparison of data from multicenter studies problematic, especially when large numbers of fingerprints are involved (12) . Unfortunately, other methods, such as multilocus sequence typing, appropriate for large multicenter studies of many other bacteria (13) , are not applicable to M. tuberculosis, since the gene sequence polymorphism among different strains of this species is very limited (12, 17) .
Here, we propose a solution to these problems by the use of high-throughput PCR analysis of M. tuberculosis genomic loci containing variable-number tandem repeat (VNTR) sequences. Using this approach, strains can be typed by a numerical code corresponding to the numbers of VNTRs in 12 different loci containing novel genetic elements named mycobacterial interspersed repetitive units (MIRUs) (18, 19) . These genetic markers provide nonambiguous data which are highly portable between different laboratories (7, 14, 19) and which are therefore highly suitable for global epidemiological studies. Analysis of M. tuberculosis isolates collected in France indicated that they have a discrimination power close to that of IS6110 RFLP and that their stability is adequate to track outbreak episodes. In addition, unlike IS6110 RFLP, they are well suited for population genetics analyses, for they unambiguously reveal the variability of independent genetic loci, a requisite for linkage disequilibrium analysis (14) . In this study, we report the incorporation into the MIRU-VNTR approach of technologies used for high-throughput human VNTR-based genotyping. We analyzed the relevance and reliability of this high-capacity system for the analysis of the global genetic diversity of M. tuberculosis at different levels of evolutionary divergence by testing a blinded reference set of 90 strains of the M. tuberculosis complex from 38 countries.
MATERIALS AND METHODS
Strains and genomic DNA. The automated MIRU-VNTR typing system was developed using heat-treated M. tuberculosis colonies and purified DNA from isolates from Paris hospitals described previously (9, 21) and from transmissions, relapses, and laboratory cross-contaminations from the collection of the Centre de Référence des Mycobactéries (Institut Pasteur, Paris, France) described previously (14) . The mycobacterial genomic DNA samples used in the blinded typing experiment were described previously (12) . Briefly, genomic DNA was isolated from 90 M. tuberculosis complex strains originating from 38 countries throughout the world and from 10 non-M. tuberculosis complex strains. A set of 31 duplicate M. tuberculosis complex samples was also included. These samples were provided as blinded dried aliquots by the National Institute of Public Health and the Environment (Bilthoven, The Netherlands) and decoded after analysis.
Multiplex PCRs. The multiplex PCR mixtures were prepared as follows, using 96-well plates and the HotStartTaq DNA polymerase kit (Qiagen, Hilden, Germany). Five nanograms of DNA was added to a final volume of 50 l containing 0.2 l of DNA polymerase (1 U), 10 l of Q solution (from the above-mentioned kit), 0.2 mM (each) dATP, dCTP, dGTP, and dTTP (Pharmacia, Uppsala, Sweden), 5 l of PCR buffer, 0.4 M (each) primer, and 3.0, 2.0, 2.5, and 1.5 mM MgCl 2 for mixtures A to D, respectively ( Table 1) . The oligonucleotides used in the PCR corresponded to the flanking regions of the polymorphic MIRU-VNTR loci identified in the M. tuberculosis H37Rv genome (19) . For each multiplex mixture, one primer of each oligonucleotide pair was tagged with a different fluorescent dye.
The thermocycler programs for the four multiplex reactions were identical. The PCRs were carried out using a PCR Express cycler (Hybaid, Ashford, Great Britain) starting with a denaturing step of 15 min at 95°C, followed by 40 cycles of 1 min at 94°C, 1 min at 59°C, and 1 min 30 s at 72°C. The reactions were terminated by incubation for 10 min at 72°C. Negative controls consisted of the PCR performed on reaction mixtures lacking mycobacterial DNA.
Automated MIRU-VNTR analysis. For each multiplex PCR, 1 l of 20-folddiluted PCR products was added to a loading buffer containing 1.25 l of deionized formamide (Amresco, Solon, Ohio), 0.5 l of blue dextran-EDTA (PE Applied Biosystems, Courtaboeuf, France), and 0.25 l of Genescan 2500 Roxlabeled size standard (PE Applied Biosystems) using a Multimek automated 96-channel pipettor (Beckman, Gagny, France). Before being loaded, the samples were denatured at 95°C for 2 min and then kept on ice. The samples were subjected to electrophoresis using a 96-well ABI 377 automatic sequencer, Long Ranger Singel packs (Bio-Whittaker Molecular Applications, Rockland, Maine), and a 36-cm-long plate. After a 2-min prerun step, each lane was loaded with a 1-l portion of sample using an eight-channel syringe. One run of 2 min 30 s was made between the loading of even-and odd-numbered lanes. The samples were run for 5.5 h at 3,000 V, 2,400 scans per h, and 51°C using the D filter. The sizes of the PCR fragments were estimated using the GeneScan and Genotyper software packages (PE Applied Biosystem). The sizes of the labeled amplicons were analyzed using the local Southern size calling method, with an analysis range from 1,500 to 12,000 scans and a detection threshold set to a peak height of 50. The peak sizes from the 94-to 1,115-bp fragments of the internal size standards of the different lanes were matched using a sample run at the center of the gel as a reference. Custom macro programs (available upon request) associated with Genotyper were used for automated conversion of these data into MIRU-VNTR alleles. The assignment of the various alleles was based on the corresponding expected sizes of the PCR products for the 12 MIRU-VNTR loci, calculated from the data of Supply et al. (19) . Size tolerances of Ϯ4 and Ϯ6 bp were fixed for PCR fragments below and above 500 bp, respectively, with an offset of Ϫ1 bp. The genotype data were then exported (via the Microsoft Excell 98 software) to File Maker Pro, version 4.0 (Claris Corporation, Santa Clara, Calif.), database management software, which was used for automated retrieval of duplicate samples and repeated genotypes.
MIRU-VNTR genetic distance analysis. Neighbor-joining analysis was performed with PAUP (D. Swofford, PAUP-phylogenetic analysis using parsimony (and other methods), 4.0 beta version, Sinauer Associates, Inc., Sunderland, Mass.). A consensus tree based on 10,000 bootstrap replicates was generated a Based on the allelic diversity of the MIRU loci observed in M. tuberculosis (14) . b Loci 10, 23, and 24 contain 55-, 50-, and 52-bp MIRU-VNTRs respectively, in first position of the repeat array whereas locus 4 in clinical isolates contains an additional invariable MIRU of 53 bp in the terminal position of the repeat array (19) . using the majority rule formula. The differences in MIRU-VNTR numbers were used to estimate the genetic distance. The data were treated as ordered character states, based on the assumption of a stepwise mutation mechanism for the MIRU-VNTR loci. This assumption is supported by the analysis of MIRU-VNTR changes in locus 4 in the Mycobacterium bovis BCG genealogy (19) .
RESULTS

Automated fluorescence-based MIRU-VNTR genotyping.
We have recently identified 12 M. tuberculosis minisatellite-like loci that contain MIRU-VNTRs. In these loci, the sizes of the repeat units range from 51 to 77 bp (19) . The numbers of variable units in each locus are calculated by measuring the sizes of the fragments amplified with specific primers hybridizing to the MIRU flanking regions (14, 19) . First, we developed four different multiplex PCR assays in order to analyze four groups of three loci simultaneously. The groups were composed based on the compatibilities of the PCRs and on the ranking of polymorphisms of the different loci, as measured by the numbers and frequencies of their respective alleles (14) , such that the loci with high to low polymorphism were grouped together (mixture A to mixture D; Table 1 ). For each multiplex PCR assay, one primer per oligonucleotide pair was tagged with a specific fluorescent dye (Fig. 1) . The PCR cycles for the four multiplex reactions were identical, which allows them to be run simultaneously on a thermocycler.
The PCR fragments labeled with the three different fluorescent dyes from each multiplex PCR were combined with an internal size standard, labeled by a fourth dye, and then analyzed in single lanes on an automated DNA sequencer. The electrophoresis and analysis parameters were adapted in order to size amplicons from 200 to 1,000 bp, which covers the size ranges of all MIRU-VNTR alleles obtained for M. tuberculosis isolates studied to date (14, 19) . The accuracy of the size determination was controlled by analyzing labeled PCR fragments amplified in multiplex PCR from M. tuberculosis H37Rv and other isolates, for which the exact sizes were determined by sequence analysis (19) . Sizing was found to be reproducible, with within-run and between-run average precisions of Ϯ0.5 and Ϯ0.6 bp, respectively. Mean errors Ϯ standard deviations for the sizing accuracy were 1.1 Ϯ 1.0 bp for fragments below 500 bp and 0.8 Ϯ 4.6 bp for fragments from 500 to up to 971 bp. This ensures the unambiguous identification of MIRU-VNTR alleles, which differ in size by 51 to 77 bp.
Stutter peaks are common during the genotyping of short tandem repeat sequences and mostly reflect artifactual strand slippage of the polymerase during PCR. Such stutter peaks were also quite frequently observed for the PCRs of the various MIRU-VNTR loci. However, they could be easily diagnosed because, as for short tandem repeat sequences, they appeared as a ladder of much-lower-intensity peaks, corresponding to sizes of PCR fragments that lack one or more repeats (Fig. 1) . We noticed two exceptions: M. tuberculosis isolates with as many as 10 and 11 MIRU-VNTRs in locus 23 (isolates 67 and 93; Table 2 ). In these cases, the stutter peaks from the multiplex reaction had heights comparable to those of the fragments corresponding to these alleles. When these samples were reanalyzed by PCR with only the primer pair corresponding to this locus, single high-intensity peaks were obtained, allowing us to correctly assign the alleles.
Genotyping of a blinded set of M. tuberculosis complex isolates from 38 countries. A synthetic interlaboratory study recently compared all currently known typing methods for M. tuberculosis complex isolates with respect to their reproducibility, sensitivity, specificity, and discrimination (12) . The methods were tested by using a blinded set of 131 samples, including 90 isolates from 38 countries, as well as duplicate samples and non-M. tuberculosis complex strains. We analyzed the same isolate set similarly blinded to evaluate the performances of the automated MIRU-VNTR system.
As shown in Table 2 , the MIRU-VNTR typing method was 100% sensitive, as all M. tuberculosis complex strains were fully typeable, with the 12 alleles amplified in all cases, and 100% reproducible, as all blinded duplicate samples analyzed were correctly assigned. The method was also 100% specific, as none of the non-M. tuberculosis complex strains gave the patterns expected for the M. tuberculosis complex. For all non-M. tuberculosis complex strains, either the PCRs yielded no amplification product or the amplified fragments had sizes that did not correspond to any of the M. tuberculosis complex MIRU-VNTR alleles (not shown). Thus, the MIRU-VNTR system can be used to identify the M. tuberculosis complex strains.
The MIRU-VNTR typing detected 78 different patterns among the 90 M. tuberculosis complex isolates (Table 2 and Fig. 2 ). Eight new alleles not found in isolates analyzed before were detected (14, 19) , which raises the potential number of different MIRU-VNTR combinations to more than 2 ϫ 10 8 .
In contrast to what is found for IS6110 RFLP typing, nearly all low-IS6110-copy-number (n Յ 6) isolates were discriminated by MIRU-VNTR typing (20 distinct patterns out of 21 isolates). The only exceptions were the Russian and French M. bovis BCG vaccine sister strains (see below). In addition, most of the high-copy-number isolates (n Ͼ 6) were also discriminated (58 patterns out of 69 isolates), except for the cases discussed below.
The genetic relationships among the 90 isolates were analyzed on the basis of the MIRU-VNTR genotypes using the neighbor-joining distance algorithm (Fig. 2) . Beijing, Africa, and Haarlem genotype families, including M. tuberculosis isolates originating from various parts of the world, were identified in this collection (12) . The isolates within these families possess distinct, but at least 50% similar, IS6110 RFLP patterns. Many of them also appear highly similar and often identical based on other typing markers. This is especially the case for the Beijing family. Most of the members previously assigned to these families were readily distinguished from each other by MIRU-VNTRs. Seven distinct patterns were obtained for the 8 Beijing isolates, seven were obtained for the 8 Africa isolates, and nine were obtained for the 13 Haarlem isolates. In addition, most of them (all of the Beijing family) were recognized as closely related by analysis of MIRU-VNTR genetic distances. Exceptions were isolates 8, 58, 87, and 123 (Haarlem family) and 72 and 40 (Africa family). Furthermore, an additional isolate from South Korea (111) was included in the Beijing group by MIRU-VNTR analysis, which is consistent with its IS6110 RFLP and spoligotype, which display motifs similar to those typical of the Beijing group (12) . Two additional isolates (29 and 77) were included in two clusters with identical MIRU-VNTRs containing five Haarlem strains and one Haarlem strain, respectively. This clustering was also consistent with their respective IS6110 RFLPs and spoligotypes, which also display motifs typical of the previously defined Haarlem strains (12) . However, one or two M. tuberculosis isolates with more distantly related or unrelated IS6110 RFLPs were included in the three families by MIRU-VNTR genetic distance analysis (isolates 1 and 56 for the Haarlem family, 96 for the Africa family, and 72 for the Beijing family).
The remaining clinical isolates with identical MIRU-VNTR genotypes included a group of two M. tuberculosis strains from Ecuador (isolate 10) and Spain (isolate 95) and a group of two high-copy-number M. bovis strains from Saudi Arabia (isolate 24) and The Netherlands (isolate 69). These isolates also have . Four multiplex PCRs were performed on genomic DNA from M. tuberculosis H37Rv, and the products were loaded onto four lanes of an automated sequencer. The GeneScan software was used for the collection of the raw sizing data. The results from the analysis of these data with the Genotyper software are shown. Boxed numbers below the signal peaks, calculated sizes (in base pairs) of the labeled PCR products and the corresponding identified MIRU-VNTR alleles. Positions of stutter peaks, easily diagnosed as low-intensity PCR artifacts, are shown. highly similar, although not identical, IS6110 RFLP patterns (12) , suggesting that they are clonal. M. tuberculosis laboratory strain H37Rv and its avirulent derivative H37Ra, which have been cultivated separately for several decades, also displayed identical MIRU-VNTR patterns, although they differ by 3 of 14 IS6110 bands. Moreover, the Russian and French M. bovis BCG vaccine sister strains displayed identical MIRU-VNTRs, whereas the Japanese sister strain differed from these by only a single unit change in locus 4, consistent with the data of Supply et al. (19) .
DISCUSSION
The 12-locus MIRU-VNTR method described here represents a powerful approach to high-resolution genotyping of M. tuberculosis isolates. It uses multiplex PCR with fluorescencelabeled primers to analyze four sets of three MIRU-VNTR loci simultaneously and provides the automation that is necessary for quick and reliable production and management of the genotyping data. To our knowledge, up to now, only one comparable VNTR-based method has been reported for typing another bacterium, Bacillus anthracis (11) . MIRU-VNTR typing was found to be 100% reproducible, sensitive, and specific for M. tuberculosis complex isolates, a performance that has not been achieved by any other resolution typing method, including IS6110 RFLP, tested in the same conditions (12) . Moreover, the discrimination power of MIRU-VNTR typing was close to that of IS6110 RFLP (78 compared to 84 patterns, respectively), and MIRU-VNTR typing performed better than the other RFLP-based or IS6110-independent PCR-based typing methods (compare the present results with those in reference 12). In addition, the genetic-distance dendrogram built from MIRU-VNTRs correlated well with that based on IS6110 RFLP, with about 80% of the isolates similarly grouped by the MIRU-VNTRs clearly distinguished the majority of the isolates of Beijing, Africa, and Haarlem families from each other. Most of them were also recognized as being closely related by MIRU-VNTRs (see also below). The Beijing family appeared the most homogenous family, which is consistent with the results obtained with IS6110 RFLP and other markers (12) . Our analysis using the high-resolution typing system fully independent from IS6110 thus supports the assumption that these isolates have expanded clonally from common ancestors and subsequently disseminated globally (12) . In contrast, almost all of the clinical isolates with high IS6110 copy numbers that had not been assigned to the Beijing, Africa, and Haarlem families had unique MIRU-VNTRs, except for two groups of two isolates each. However, these isolates might correspond to other genotype families, as they also had high similarities in their IS6110 RFLPs. In addition, MIRU-VNTRs distinguished all strains with low IS6110 copy numbers except for two M. bovis BCG vaccine sister strains, in contrast to IS6110 RFLP, for which two clusters of two and five strains with identical patterns were obtained. This class of isolates includes many M. tuberculosis isolates from several regions, especially Asia, and about 80% M. bovis isolates from all regions. Their typing is often problematic and requires combinations of several tech- niques (4) . Thus, MIRU-VNTR typing is especially useful for analyzing the genetic diversity among these isolates.
The differences in genetic-relationship results between MIRU-VNTR typing and IS6110 RFLP analysis, observed for only a minority of isolates, may be due to several factors. Some of these differences correspond to strains or groups of strains which apparently share a few IS6110 bands with the other strains of the complex (for instance, Mycobacterium microti isolates 25 and 62). IS6110 RFLP analysis suggested the closest relationships between these strains and groups including M. tuberculosis isolates (12) , while MIRU-VNTR analysis suggested the closest relationships to M. bovis strains (Fig. 2) . The latter grouping is consistent with results from comparative genomics suggesting closer relationships between these strains, which are pathogenic for animals (3). This difference might be due to the fact that markers such as IS6110 RFLP may evolve too fast to be reliable for estimating higher levels of divergence (20) . Moreover, the documented existence of IS6110 insertion hot spots (5, 6, 15) together with the intrinsic difficulties of interpreting RFLP patterns can conceivably mislead the analysis of some strains, especially those sharing only few bands. On the other hand, we cannot exclude the possibility that independent convergence to closely related MIRU-VNTR genotypes by unrelated isolates may occasionally occur. This might explain the grouping by MIRU-VNTR typing of a few isolates assigned to the Africa and Haarlem families, which, based on analysis with IS6110 RFLP and other markers, are classified as unrelated isolates (and vice versa). However, this convergence is necessarily limited by the huge number of possible MIRU-VNTR combinations (Ͼ2 ϫ 10 8 ) provided by the 12 loci, which strongly reduces the probability of obtaining totally identical genotypes only by chance. Consistently, it was noted that the few isolates with identical MIRU-VNTR types in the different genotype families, as well as H37Rv and H37Ra strains, all had only slightly distinct IS6110 RFLP patterns.
The last observation supports the assumption that the combined molecular clock of the 12 MIRU-VNTR loci runs slightly slower than that of IS6110 RFLP. It may be useful to note that, like multilocus enzyme electrophoresis for instance, the genetic variation indexed by MIRU-VNTR typing relies on independent genomic loci that can be separately targeted by specific PCR primers. This is different from IS6110 RFLP, where all genomic loci containing IS6110 are probed simultaneously, without the possibility to assess individual loci. This provides the possibility to modulate the speed of the combined molecular clock of MIRU-VNTRs by selecting one or several targeted loci to analyze different scales of evolutionary divergence within the same system. Interestingly, the inclusion of two other VNTR loci identified by Frothingham and Meeker-O'Connell (7), namely, VNTR-A and VNTR-C, allowed us to distinguish three additional patterns among strains with identical MIRU-VNTRs, including two members of the Africa family (strains 4 and 37), BCG Pasteur and BCG Russia (strains 2 and 83), and two M. bovis isolates with high IS6110 copy numbers (strains 24 and 69) (12) . Inclusion of other polymorphic tandem repeat loci in the M. tuberculosis complex genomes (16; Supply et al., unpublished results) may thus further improve the performance of MIRU-VNTR typing compared to that of IS6110 RFLP for tracing recent transmission of strains circulating within defined geographic areas.
Conversely, the selective use of some less-variable MIRU-VNTR loci, such as locus 24, may be especially informative for higher levels of evolutionary divergence. Locus 24 is among the least diverse loci, with only three alleles ( Table 2 ). This locus is polymorphic between three groups, which appear genetically distant by both MIRU-VNTR and IS6110 RFLP typing (12) , while it is monomorphic within each of these groups (Fig. 2) . One group includes mainly M. tuberculosis and M. bovis isolates with high IS6110 copy numbers, M. microti isolates together with low-IS6110-copy-number M. bovis and M. tuberculosis isolates, and a single M. canettii isolate. This polymorphism, only observed among genetically distant groups, suggests a very slow evolution rate of locus 24. Therefore, we speculate that the hierarchy of allelic diversity among the MIRU-VNTR loci (14) may be correlated to the speed of their respective molecular clocks, in addition perhaps to selective constraints on the numbers of alleles.
Using the automated MIRU-VNTR typing reported here, several hundred isolates can be genotyped per week on a single sequencer, starting from genomic DNA or bacterial colonies. This is considerably faster than IS6110 RFLP or manual VNTR analysis. Adequate equipment and software are widely available, while specific files and macro software for standardized allele scoring will be provided by the authors upon request. Compared to IS6110 RFLP, the portability of MIRU-VNTR typing results will greatly facilitate the comparisons of results between different laboratories worldwide. To ensure consistency of results on a daily basis within and among laboratories, genotypic tests of standardized reference strains H37Rv or H37Ra (Table 2) should be run as validating controls. To generate a database allowing laboratories to compare their data, we have set up a website for the analysis of M. tuberculosis complex MIRU-VNTR genotypes via the Internet (http://www.ibl.fr/mirus/mirus.html). We hope that the use of this automated typing system for large-scale genotyping of M. tuberculosis will provide a new tool for M. tuberculosis global epidemiological surveillance and lead to novel comprehensive insights into the population genetics and evolution of this major human pathogen.
